The complex surface morphology and large exposed surface area induce electrochemical instability on porous NiTi shape memory alloys in human body fluids. Consequently, leaching of toxic nickel ions from the alloys impede wider applications of the materials in the biomedical fields, especially as bone implants. Electrochemical impedance spectroscopy ͑EIS͒ is a useful tool to evaluate the electrochemical stability of surface film in simulated body fluids ͑SBF͒ and to identify the most effective surface modification techniques for porous NiTi alloys. In the present work, EIS is employed to characterize porous NiTi alloys that have been modified by various processes in SBF at 37°C to evaluate the relationship between the surface film structure and electrochemical stability. It is well known that nickel ions released from nickel-containing alloys constitute one of the most common causes of allergic contact dermatitis.
It is well known that nickel ions released from nickel-containing alloys constitute one of the most common causes of allergic contact dermatitis. 1 Recently, porous NiTi shape memory alloys ͑SMA͒ have attracted the attention of the orthopedics community due to their potential applications in bone implants.
2, 3 However, the complex surface morphology and larger surface area of porous NiTi compared to dense NiTi make porous NiTi more susceptible to corrosion in the biological environment in which corrosion accelerates nickel ion leaching from the nickel-rich substance. In simulated body fluids ͑SBF͒, the corrosion behavior of porous NiTi alloys is directly related to the porous structures such as porosity, pore size, pore shape, and pore distribution. In addition, the surface roughness, crevices, complex geometry, internal angles, restriction of the flow of solution species, and residual stress may also influence the corrosion rate. [4] [5] [6] [7] [8] Other materials characteristics such as thickness, phase composition, and structure that are modified by different surface treatment techniques also substantially affect the corrosion behavior of the materials. [9] [10] [11] Electrochemical impedance spectroscopy ͑EIS͒ is an important analytical technique in electrochemical and corrosion studies. This technique is widely used to characterize surface films formed on pure metals or alloys because it is an excellent tool to study and monitor the status and behavior of the interface between conducting phases. EIS can be used to analyze and model the transfer of charges between the different phases under the influence of a corrosion process, a passive film or coating, or other interfacial phenomena. [12] [13] [14] [15] [16] [17] Electrochemical system modeling, which can be established using the EIS technique, is used to correlate the different circuit elements explaining the phenomena that occur at the metal/film and film/ solution interfaces as well as inside the film. Accordingly, film growth models can be established. [17] [18] [19] [20] [21] [22] [23] In the work reported here, the electrochemical behavior of surface modified porous NiTi alloys by different techniques is investigated using EIS in SBF at 37°C. The EIS spectra acquired from the immersed porous NiTi alloys are simulated according to the equivalent circuit ͑EC͒. The calculated parameters of the equivalent circuit model are analyzed and compared to those acquired from the untreated sample to identify the efficacy of different surface treatment techniques on the porous materials.
Models
Many groups have studied the theory of impedance of porous electrodes from various perspectives and proposed different models. [24] [25] [26] [27] [28] [29] [30] [31] [32] Generally, the impedance models of porous electrodes can be categorized into four transmission line models, and the models are schematically depicted in Fig. 1 . The earliest model proposed by de Levie is the transmission line model of the cylindrical pore with finite size. 33 In this case, the interfacial impedance influenced only by the charging of the double-layer capacitance, C dl , ͑l/jc dl ͒, is distributed along the length of a uniform pore. If the total resistance distributed in the resistive channel is R p and the total capacitance distributed in the walls of the pores is C p , the total impedance of the line in model 1 is
where j is the imaginary unit and is the angular frequency. Subsequently, some groups proposed different models to describe the rough/porous electrodes. 24, 34, 35 When there exits a charge-transfer resistance in parallel ͑R ct ͒ to the double-layer capacitance, the interfacial impedance is determined by the two courses of the charging of the double-layer capacitance and then the total impedance of this line in the second model is
Ideal capacitance is often a function of the electrical potential. However, practically, the capacitance of a polarizable interface can be the function of frequency, which induces the capacitive dispersion. The constant phase element ͑CPE͒ is widely used as the scattered circuit element in the equivalent circuit when a nonideal frequency response is present, and the CPE impedance is given by [35] [36] [37] 
where ␣ is the constant phase angle used to describe the nonideal capacitance behavior of the metal/solution interface and Q is a constant comparable to the capacitance. Because CPE is usually used in the model in place of a capacitor to compensate for the nonhomogeneity of the system, Brug et al. related Q to the double-layer capacitance ͑C dl ͒, 38 which is
Oskam et al. revealed that the frequency dispersion of the interfacial capacitance is determined by the microroughness of the electrode surface and the conductivity of the electrolyte solution. 39 When the interfacial reaction is only due to the nonideal dispersive doublelayer capacitance behavior, the third model is used to describe this phenomenon. The characteristic frequency of the finite-size effect is defined as
͓5͔
The impedance of porous electrode can be expressed as
When ␣ = 1, the interfacial reaction is the ideal capacitance behavior and when Q = C dl , Eq. 6 is equal to Eq. 1, which means that model 1 is the special case of model 3.
If there is a parallel charge transfer resistance to the interfacial CPE, then the characteristic frequency of interfacial process is defined as
Then, the total impedance of the electrode in model 4 can be expressed as
If the interfacial process is the ideal capacitance behavior ͑Q = C dl ͒, i.e., ␣ = 1, then Eq. 8 is equal to Eq. 2, which means model 2 is the special case of model 4.
Experimental Details
Materials preparation.-The porous NiTi SMA samples were fabricated by capsule-free hot isostatic pressing ͑CF-HIP͒ from fully mixed equiatomic Ni and Ti powders with ammonium acid carbonate as the foaming agent. The details of the fabrication process can be found elsewhere. 40 The samples used for corrosion, surface treatment, and surface analysis were machined into disks 5 mm diam and 2 mm thick from the same CF-HIPed NiTi bar. Before surface treatments, the plates were mechanically polished by sand paper, progressively up to 800 mesh, ultrasonically cleaned with acetone, and then ovendried. The surface morphology of the samples was evaluated by scanning electron microscopy ͓͑SEM͒ JSM5200͔. These plates underwent four different types of treatment: ͑A͒ Oxidation in air at 450°C for 1 h, ͑B͒ oxygen plasma immersion-ion implantation ͑O-PIII͒ for 2 h at 40 kV bias voltage and 200 Hz pulsing frequency, ͑C͒ O-PIII plus subsequent 450°C air oxidation 1 h, and ͑D͒ chemical modification ͑H 2 O 2 preoxidation at 80°C for 4 h plus subsequent NaOH treatment at 60°C for 24 h͒. The sample are designated A, B, C, and D, respectively. The mechanically polished sample was used as the control and labeled MP. The details of oxidation, O-PIII, and chemical treatment processes are described elsewhere. [41] [42] [43] Characterization.-The electrochemical corrosion behavior of the untreated and surface-modified porous NiTi samples was characterized in SBF at 37 Ϯ 0.5°C and pH 7. 4 , as well as 6.057 g/L ͑CH 2 OH͒ 3 CNH 2 , and the ion concentrations mimics those in human blood plasma. 44 In our work, a standard three-electrode apparatus was placed in a glass cell immersed in a 37 Ϯ 0.5°C water bath filled with SBF. To avoid significant evaporation during measurement, the testing cell was sealed. The working electrodes were the porous NiTi alloys. The pores on the unexposed side of the working electrodes were sealed with epoxy powders using a hot mounting press ͑Buehler, USA͒ at 150°C to prevent the electrolyte from permeating. However, measurement of the electrochemical corrosion behavior of the porous metals was very difficult due to their complex porous structure, which could significantly influence the corrosion behavior. 6, 45, 46 Because it was difficult to calculate the exact surface area exposed to SBF, for comparison purposes, a nominal exposed area of 0.181 cm 2 was used in the electrochemical tests. The counter electrodes consisted of two graphite rods mounted diametrically opposite to each other. The reference electrode was a saturated calomel electrode. The EIS measurements were carried out at open-circuit potentials ͑OCP͒ using an EG&G PAR model no. 273A potentiostat/galvanostat and a PAR model no. 5210 lock-inamplifier. The system was controlled by a personal computer equipped with the PAR model no. 398 software. A sinusoidal ac voltage of Ϯ5 mV was applied in the impedance measurements. The impedance response was determined in the frequency range from 5 mHz to 100 kHz. The EIS analysis software ZSimpWin of Version 3.21 was used for modeling the impedance data and to extract the resistance and capacitance data. This software utilizes the "downhill simplex method" based on a trial-and-error method to find the best fit for the given set of data and a chosen EC. The parameters, including the 2 value and the error distribution were used as weight factors to provide the closest fit to a model. In order to minimize the errors produced by the environment, EIS measurements were carried out for three times using samples in the same lot under the same conditions.
Results and Discussion
Surface morphology and microstructure evolution.- Figure 2a displays the optical macrograph of the untreated porous NiTi bar. It can be observed that the pores are distributed quite uniformly in the bar. The SEM image of the cross section of this porous NiTi bar in Fig. 2b indicates that the size of most pores is in the range of 50-400 m. The open porosity of this bar measured using the ASTM standard B328-96 protocol is ϳ70%, indicating interconnection of these pores. 47 The interconnected porous structure and big pore size favor bone tissue ingrowth. 48 In this work, all the samples tested have the same porosity and we mainly focus on the electrochemical stability of the surface film modified by different techniques on the porous NiTi alloys in SBF. The effects of porosity on the electrochemical behaviors of porous NiTi alloys are being investigated and will be reported in due course.
It is well accepted that two oxide layers form on the surface of Ti-based alloys after surface modification to enhance the corrosion resistance of these alloys in electrolytes. 8, 45, 49, 50 Generally, this oxide layer is composed of a relatively dense inner oxide layer and rough or porous outer oxide layer, schematically illustrated in Fig. 3 . The cross-sectional images also confirm this laminated oxide structure ͑see Fig. 4a and b͒. In addition, the oxidized surface exhibits a rough or porous structure ͑Fig. 4c͒. In our previous work, 41, 42, 51 X-ray photoelectron spectroscopy ͑XPS͒ depth profiles and spectra fitting confirmed that the surface films on the porous NiTi alloys after the oxidation process, oxygen plasma immersion-ion implantation, and chemical processes are composed of either two layers of laminated structure or one outer layer plus an underneath gradient layer. On the mechanically polished porous NiTi alloy, this native oxide film is thin and does not possess an obvious bilayered structure. 41 Oxidation at 450°C for 1 h only produced a very thin film with a gradient layer that could not be detected by X-ray diffraction 42 even though small area XPS depth profiling revealed the bilayered structure composed of an ϳ25 nm thick outer layer and a 125 nm thick gradient layer. 42 With regard to the PIII-treated dense NiTi alloy, the atomic force microscopy image in our previous work showed a nanoscale rough surface, which was more continuous than that on the mechanically polished ͑MP͒ sample. 49 The XPS spectra confirmed that the outer layer was predominantly composed of TiO 2 with a trace amount of NiO, whereas the underlying layer comprised a series of titanium oxides and NiTi after O-PIII treatment. 41 On the chemically treated sample, our previous SEM image disclosed a spiculate surface layer on the surface and XPS results revealed a bilayered structure consisting of sodium titanate on top and a gradient layer underneath. 51 Further treatment induced the formation of the structure with an outer layer containing titanate nanowires/nanobelts and a gradient nanoskeleton layer beneath. 52 EIS characterization.-During the EIS test, application of a small sinusoid ac voltage ͑Ϯ5 mV in this work͒ or current perturbation with various frequencies yields the spectral curves of the impedance of a given system plotted in different ways. A two-or three-phase system, such as solid/liquid or solid/liquid/gas, can be modeled by equivalent electric circuits with the proper circuit components, such as solution resistances ͑R s ͒, interfacial charge-transfer resistance ͑R ct ͒, double-layer capacitance ͑C dl ͒, and/or inductance ͑L͒ in parallel and/or in series. 8, 14, 15 Although many researchers have reported that EIS is an effective technique to characterize the electrochemical corrosion behavior of some biometals, such as stainless steels, tantalum, and Ti-based alloys, 7, 8, 15, 16, 22, 45, 49 few studies have been performed on the corrosion behavior of porous Ti and NiTi. 6, 45, 46 Li et al. reported the corrosion behavior of porous NiTi by potentiodynamic polarization tests. 46 However, this technique can only be used to measure the potential breakdown of the working electrode under higher fluctuating potentials and does not describe the electrochemical corrosion mechanism of materials in a real environment compared to the small perturbed voltage used in the EIS measurements. It should be noted that the weight-loss test in SBF is the most accurate technique to evaluate the corrosion rate and electrochemical stability. However, this process usually takes a much longer time. Furthermore, the potentiodynamic polarization test is an accelerated corrosion process and cannot mimic the real electrochemical behaviors of biometal 
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Journal of The Electrochemical Society, 156 ͑6͒ C187-C194 ͑2009͒ C189 implants in the human body. Therefore, in this work, EIS is carried out under OCP and this technique is much closer to the realistic environment and also does not take a long time. There have been very few studies on the EIS characterization of porous NiTi with modified passivation layers. As demonstrated in Fig. 5 , the equivalent circuit 1 ͑EC1͒ is proposed to model the EIS data obtained for the mechanically polished dense NiTi alloy. This model is widely accepted for the modeling of a surface film with two double-oxide layers. 8, 45, 53 In our previous investigation, 41 a thin oxide layer of Ͻ10 nm was found on the surface of the mechanically polished dense and porous NiTi alloys due to natural oxidation immediately after polishing. Here, R s is the SBF resistance and R o and R i are the resistances of the outer rough/ porous layer and inner dense oxide layer, respectively. C i stands for the interfacial capacitance of the inner oxide layer. Considering the porous/rough nature of the outer oxide layer shown in Fig. 2 , the impedance of CPE, Q o , is utilized to represent a simple interfacial capacitance of outer film. Our experimental and simulation data by EC1 for dense NiTi are shown in Fig. 6 . The corresponding Nyquist and Bode diagrams are displayed in Fig. 6a and b, and it can be found that the experimental data are in good agreement with the fitting spectra by EC1 with a 2 value of 7.02 ϫ 10 −4 and small error distribution of ͉Z͉ shown in Fig. 7a . For the similar film, Me- 
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Journal of The Electrochemical Society, 156 ͑6͒ C187-C194 ͑2009͒ C190 nini used a CPE to replace the component C i in EC1 to model its EIS spectra. 45 However, as shown in Figure 7b , we get poor 2 value of 3.27 ϫ 10 −3 and big error distribution when we use R͑Q͓R͑QR͔͒͒ to simulate our experimental data of mechanically polished dense NiTi. It indicates that for a titanium oxide film on a planar surface, the interface of the inner film has no obvious relaxation feature.
However, modeling of the experimental EIS spectra for porous NiTi alloys by the circuit of EC1 exhibits bad fitting results and poor values that always exceed the order of 10 −3 . This may be due to the porous structure of the specimens.
6,45,46,54 Therefore, it is necessary to find circuit components to evaluate the role of the porous structure during the electrochemical process. According to the aforementioned model, in general, EIS of a pure porous electrode may be related to four transmission line models. Our experimental spectra show at least two depressed semicircular arcs in the Nyquist plots, and all Nyquist plots display a depressed arc at higher frequency domain, which is different from spectra acquired from dense NiTi. Hence, it is believed that besides the impedance of surface film, there exists an impedance of porous structure in line that is composed of the interfacial impedance of CPE element ͑capacitance͒ and a parallel charge-transfer resistance. Therefore, for porous electrodes with a surface film of a double-layer structure, we propose an EC composed of the transmission line model 4 ͑shown in Fig. 1͒ in series with EC1 to fit the experimental spectra ͓i.e., R͑QR͒ ϫ͑Q͓R͑CR͔͔͒͒. However, the simulation result by this circuit does not fit our experimental EIS spectra of all porous samples well judged from the poor 2 values ͓͑10 −3 ,10 −4 ͔͒ and the big error distribution of ͉Z͉ ͓͑−3.5,3.5%͔͒. However, when the inner oxide layer interfacial capacitance C i is changed to CPE, good fitting can be achieved. This implies that the porous structure significantly influences the charging behaviors of inner oxide layer interfacial capacitance. This equivalent circuit ͑EC2͒, R͑QR͒͑Q͓R͑QR͔͒͒, is exhibited in Fig. 8 . Figure 9 shows the experimental and modeled EIS spectra using EC2 of all the porous NiTi specimens. As shown in these plots, it is evident that good fitting can be achieved for all the experimental EIS data using the model EC2. , respectively. The error distribution of ͉Z͉ is in the range of −1.7 to 1.7%. All the Nyquist plots exhibit a depressed semi-circular arc in the high-frequency domain due to the porous structure of the samples. Theoretically, these impedance spectra should have two same characteristic frequencies p and ct shown in Eq. 5 and 7 because of the same porous structure and electrolyte solution. Thus, they should have the same interfacial capacitance and interfacial charge-transfer resistance, but the simulated EC elements using R s ͑Q p R p ͒͑Q o ͓R o ͑Q i R i ͔͒͒ exhibit different values as shown in Table I . Here, R s represents the interfacial charge-transfer resistance between SBF and porous electrode, and Q p and R p describe the impedance of interfacial charging and interfacial charge-transfer resistance in pores, respectively. Therefore, it is suggested that the surface film significantly influences the interfacial charge transfer and charge processes between the solution and metal electrodes in the pores.
As shown in Fig. 8 , EC2 includes two parts: porous structure of metal electrode itself and protective film produced by the surface modification techniques. We first discuss the former. Table I shows the variation of the Q p and R p values in the porous NiTi specimens after different surface treatments. In the following discussion, for simplicity, the fitting Q value is taken as capacitance ͑C͒. In the MP samples, R p is lower than those of the surface-treated samples because oxidation immediately after MP has little effects on the exposed surface of pores. In comparison, 450°C oxidation in air slightly increases the R p value due to its non-line-of-sight nature because MP cannot reach the inner exposed surface while air oxidation can do it. However, lower temperature oxidation only induces a rough ͑and thin͒ oxide layer with some small cracks. 42 The oxygen plasma-implanted porous specimen B exhibits a higher R p value due to its non-line-of-sight nature, thereby making it capable of reaching some exposed surface of the open pores without the occurrence of cracks induced by thermal stress. 41, 49 In sample C, a subsequent lower temperature treatment produces a more highly exposed surface that O-PIII cannot access. Therefore, R p increases further. In a previous publication, 43 the surface structure of porous NiTi treated 
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by chemical methods was discussed. The surface layer with a graded structure is composed of an outer porous layer of bioactive sodium titanate, a middle TiO 2 layer, and a transition layer. Furthermore, similar to lower temperature oxidation and O-PIII, chemical modification is not line of sight in nature. The chemical solvents can treat any exposed area of the open pores and the surface interconnected pores. Therefore, the corresponded R p value is higher than that of sample MP, A, and B. The Q p value related to interfacial capacity is determined by the interfacial properties in pores between metal electrode and SBF because SBF can penetrate the protective film to touch the electrode in some pores. In comparison to sample MP and A, the Q P value of B is much lower. This indicates that the pore surface of sample B has higher capacitive impedance. Hence, it is believed that O-PIII can reach the most surface area of the exposed pores and form compact films, which is consistent with the analysis of the R p values in the pores. Of course, for porous electrodes, it is difficult to establish a quantitative relationship between Q P and R p due to the deviation during the EIS modeling process and the effects of film composition and structure on pore surface. The Q P values of sample C is 5.559 ϫ 10 −6 S s n , which is ϳ15 times higher than that of sample B, which may indicate that the subsequent 450°C oxidation process can possibly increase the crack/rough/porous feature in a pore surface; although air oxidation reaches the same inner pore Figure 9 . Nyquist diagrams of porous NiTi alloys measured in SBF at 37°C and EIS is modeled by EC2: ͑a͒ Sample MP, ͑b͒ sample A, ͑c͒ sample B, ͑d͒ sample C, and ͑e͒ sample D. Table I . Simulation results of experimental spectra for porous specimens by EC2. surface that O-PIII cannot touch. As shown in Table I , in sample D, the Q P value is on the order of those of samples MP, A and B because the chemical-treated pore surface film is mainly composed of a porous bioactive sodium titanates layer.
Sample Equivalent circuit components in EC2
The modeled results of components in EC2 for the evaluation of surface film are listed in Table I . The Q o and Q i values vary with different surface modification processes. Generally, the capacitance of the flat, parallel-plates capacitor is given by
Here, 0 is the permittivity of space ͑8.854 ϫ 10 −12 F/m͒, k is the relative permittivity of the dielectric material between the plates, and A and d are the area and separation of the plate, respectively. In fact, CPE is associated with a pseudocapacitance, and CPEs can be converted into capacitors using the software ZSimpWin. For simplicity, we consider Q as the capacitance in the following analysis. For the mechanically polished sample MP, the native oxide film is discontinuous and very thin, 41 and a higher Q o value can only reveal the enhanced discontinuity and porous feature of this film. In the case of samples A, B, and C, the surface film is almost composed of titanium oxide. Hence, for both the outer porous layer and inner compact layer, k can be considered the same for these four kinds of samples, and the permittivity 0 of outer film is almost the same. The thickness of outer porous layer ͑d o ͒ can be evaluated by
Eq. 10, we can get the relationship:
This indicates that pure air oxidation can produce a thicker oxide layer whereas that produced by O-PIII is relatively thin. O-PIII plus subsequent air oxidation can thicken the oxide layer on the surface. However, the corresponding R o values reveal the shortcoming of the air oxidation only technique. As shown in Table I , the lowest R o value observed from sample A implies big/rough cracks in this film. In comparison to sample B, the R o value of sample C decreases significantly, implying that although it can offset the imperfection of O-PIII as aforementioned, subsequent air oxidation impairs the integrity and compactness of the film produced by O-PIII. The highest R o value of sample B indicates that pure O-PIII can produce the relatively smooth, integrate and compact oxide film. In the case of the inner layer, our previous XPS results reveal that this layer is 2-5 nm thick and has almost no interface with the outer layer. 41 Hence, the higher Q i and lower R i can still indicate the discontinuity and higher porosity/crack of the film. In the inner film of samples A, B, and C, their Q i and R i values exhibit good agreement. It can be found from Table I that Q o ͑A͒ = 3.8Q o ͑B͒ = 53Q o ͑C͒. This relationship reveals that O-PIII plus oxidation can produce the thickest compact inner layer among the three processes, and it can also be confirmed by R i values.
As shown in Fig. 9e , there is a straight line in the low-frequency domain. Considering the fact that the Warburg impedance ͑W͒ is often used to describe the diffusion process, 55, 56 another EC ͑R s ͑Q p R p ͓͒Q o ͑R o ͓Q i ͑R i W i ͔͔͒͒͒ should be used to simulate the experimental EIS data of sample D. However, the simulator shows unacceptable errors for R i and W i , 133.2% and 1.566 ϫ 10 10 while the error of R i using EC2 is ϳ22.36%. It is believed that for porous NiTi alloys in SBF, diffusion is not a dominant electrochemical process because of the insignificant solid-state diffusion in the porous specimens and short-term immersion time in SBF during EIS measurements. In practice, the immersion time influences the electrochemical behavior of surface film. 53 The objective of the present work is to only evaluate and compare the properties of surface film produced by different techniques in the same environment, and we report the effects of the immersion time on the surface film of the porous NiTi electrodes in the future. In comparison to other techniques, chemical treatment produces an outermost porous sodium titanates layer plus subsequent inner titanium oxides layer. Hence, the permittivity 0 of the outer film of sample D is different from that of other samples, and we cannot compare the thickness of their outer films from Q o values using Eq. 10, whereas the thickness of the inner layer can be evaluated by the following equation due to their similar inner layer
In comparison to those of samples A, B, and C, the highest Q i value indicates the thickest and roughest inner layer in sample D, as confirmed by our previous XPS measurements. 43 The corresponding higher R i value reveals that this inner layer also offers good protection to the porous NiTi alloy like the inner films in samples B and C.
Conclusion
The electrochemical behavior of porous NiTi alloys that have undergone different surface treatments has been investigated in simulated body fluids by EIS. Simulation of the experimental EIS spectra by using the proper equivalent circuits allows monitoring of the electrochemical stability of the protective film on the surface of the porous NiTi alloys. In addition, EIS is demonstrated to be a very effective tool to study the structure and properties of the surface films on the porous NiTi alloys. In the present work, all the Nyquist plots exhibit a depressed semi-circle in the high-frequency region ͑Ͼ1000 Hz͒ that arises from the porous structure of the specimens, which is analyzed by transmission line model 4. Our EIS results reveal that the surface film produced by different modification techniques significantly influence the electrochemical behavior in pore surface of porous NiTi electrodes. The results reveal that O-PIII and chemical treatment are useful surface modification techniques to produce protective film on the surface of porous NiTi alloys.
